This paper aims to determine the exploitation potential of groundwater and the optimal exploitation plan in karst areas. Considering the hydrogeological and boundary conditions of Yangzhuang karst groundwater system, a generalized hydrogeological model of groundwater flow was created and the governing equations were derived for karst groundwater simulation in the study area. Then, the study area was divided into 31,152 rectangular grids by finite difference method. The established model was applied to simulate the groundwater levels in 25 observation wells, and proved to be feasible through the fitting of simulated results with the measured results. Next, several forecast conditions and constraints were laid down, including but not limited to the precipitation calculated by historical series and future series (nonstationary) and the recharge enhancement measures like greening and retaining dam construction. Based on these conditions and constraints, a forecast model was created on Visual MODFLOW and coupled with the established hydrogeological model using the groundwater management (GWM) process to evaluate the maximum exploitation potential of groundwater in the study area, and determine the optimal exploitation plan for all groundwater source fields after implementing the above recharge enhancement measures. The evaluation results show that the exploitation volume calculated by the non-stationary future precipitation series outperforms that by the historical precipitation series in prediction accuracy; the allowable exploitation volume should be determined as 258,000 m 3 /d; by the most conservative estimate, the groundwater exploitation volume of the groundwater source fields can be maximized at 243,500 m 3 /d. The research findings lay the basis for sustainable exploitation and utilization of karst groundwater in the study area and similar regions.
INTRODUCTION
Karst aquifers are the most productive groundwater supplies on Earth, providing 20~25% of drinking water to the global population. The karst groundwater plays an essential role in global water cycle [1] [2] [3] [4] [5] . China has a larger karst area than any other country in the world. Almost 1/3 of its territory (3.46×10 6 km 2 ) belongs to the karst area, about 15.73% of the global carbonatite outcrop area (2.2×10 7 km 2 ). The karst groundwater storage accounts for 23% of the total groundwater reserve in the country.
The wealth of karst groundwater is a mixed blessing to China. The intense exploitation and utilization of karst groundwater in recent decades have, on the one hand, promoted regional socioeconomic development, and, on the other hand, posed adverse impacts on the eco-environment, such as groundwater recession, dry-up of karst springs and karst subsidence [6] [7] [8] [9] [10] [11] [12] [13] . This calls for accurate evaluation of the exploitation potential of karst systems. However, it is rather difficult to determine the exact potential or the optimal plan, as karst aquifers are often heterogenous and the runoffs switch repeatedly between the surface and the underground.
With the rapid development of mathematical and computer technologies, numerous new theories and methods have been applied to evaluate the exploitation potential of karst groundwater, namely, artificial neural networks (ANNs), time series methods, analytic hierarchy process (AHP), system analysis methods and geographic information system (GIS). Meanwhile, many quantitative evaluation approaches have emerged, whose accuracy depends on the precise measurement of aquifer parameters through geological monitoring. Based on geological conditions, the mathematical and computer techniques are often adopted to enhance the evaluation accuracy of karst groundwater exploitation potential.
Focusing on the high heterogeneity of karst aquifers, the equivalent porous media (EPM) is one of the simplest yet most debated strategies to characterize karst groundwater systems. In the EPM, a karst aquifer is assumed as a porous medium with karst channels and large faults being areas of high hydraulic conductivity [14] [15] . The representative elementary volume (REV) can be introduced if the area of interest is large enough for the EPM [16] [17] . Despite the low accuracy on the local scale, the EPM can accurately simulate the groundwater flow processes (e.g. hydraulic heads, volumetric flow and general flow directions) of complex aquifers on the regional and medium scales [18] . Therefore, the EPM has been extensively employed for numerical simulation of karst areas [19] [20] [21] [22] .
The karst groundwater system in Yangzhuang Basin lies in south China's Shandong Province. With a narrow exit, it is a typical closed groundwater system with excellent conductivity and regulation effect. The hydrodynamic field is basically uniform, and the groundwater is mainly drained through springs. At present, the groundwater resources in the basin are being explored extensively. Several medium-scale groundwater source fields have been established, including Houshiwan, Xishilou, Weizhuang and Yangzhuang. The exploitation of these fields has boosted the regional economy and living standard, but negatively affected the ecoenvironment. Suffice it to say that Yangzhuang karst groundwater system is the very representative of karst areas in northern China.
In northern China, the karst areas are not well developed or heterogeneously distributed. The motion of karst groundwater is dominated by laminar flow and subjected to Darcy's law. Well-developed karst caves are only seen in local areas, where the karst groundwater moves as a non-Darcy flow. Considering the hydrogeological and boundary conditions of Yangzhuang karst groundwater system, this paper creates a generalized hydrogeological model of groundwater flow and derives the governing equations for karst groundwater simulation in the study area. Then, the study area was divided into 31,152 rectangular grids by finite difference method. The established model was applied to simulate the groundwater levels in 25 observation wells, and proved to be feasible through the fitting of simulated results with the measured results. Next, several forecast conditions and constraints were laid down, including but not limited to the precipitation calculated by historical series and future series (non-stationary) and the recharge enhancement measures like greening and retaining dam construction. Based on these conditions and constraints, a forecast model was created on Visual MODFLOW (VM) [23] and coupled with the established hydrogeological model using the groundwater management (GWM) process to evaluate the maximum exploitation potential of groundwater in the study area, and determine the optimal exploitation plan for all groundwater source fields after implementing the above recharge enhancement measures [24] . The research findings lay the basis for sustainable exploitation and utilization of karst groundwater in the study area and similar regions.
STUDY AREA

Hydrogeological conditions
Yangzhuang Basin is a 650km 2 synclinal basin amidst mountains in northern China's Shandong Province. The elevation of the basin ranges from 50m to 600m [25] . The local strata, dominated by carbonatites, are inclined towards the centre of the basin. In the northwest, north and east of the basin, there exist surface watersheds of Cambrian limestones, metamorphic rocks and magmatic rocks. The southern and southwestern strata are in contact with the coal-bearing strata formed in Zaozhuang and Huashigou faults. The hydrogeological map of Yangzhuang Basin is presented in Figure 1 .
As a typical closed karst groundwater reservoir, the basin mainly relies on precipitation for groundwater recharge. In general, the groundwater flows from the northeast towards the southwest, and leaves the basin through a group of springs. The Xinxue River is the only surface river in the basin. The river cuts deep into the ground. Many of its segments are drained and recharged together with groundwater. Thus, the river becomes the major channel for groundwater recharge and discharge. Moreover, a 15.4km-long, 375~1,500m-wide Quaternary paleochannel is situated in the central part of the basin. Since the sand gravel layer directly covers the underlying limestone aquifer, the karst groundwater can also be discharged into pore water and flow outside the basin. As shown in Figure 1 (a), Yangzhuang Basin is divided by Changlong and Caowangmu faults into three hydrogeological units, namely, Xinzhao, Shanting and Yangzhuang blocks. The three units differ greatly from each other in hydrogeological conditions. Xinzhao and Shanting blocks belong to the middle and upper reaches of the Xinxue River, while Yangzhuang Block lies in the lower reaches of the river. Hence, Yangzhuang block outperforms the former two blocks in groundwater circulation and acquifer yield. Most of the karst groundwater in Yangzhuang Basin is stored in Yangzhuang block.
Boundary conditions
Yangzhuang Basin boasts a closed karst groundwater system with complete recharge, run-off and discharge conditions. The syncline structure of the groundwater system is consistent with the landform of the basin. The north-western and eastern boundaries consist of impermeable metamorphic rocks of Taishan group and mid-lower Cambrian shales, interbedded with limestones. The southern boundary is impermeable, as it is connected to the coal-bearing strata formed in Zaozhuang and Huashigou faults. There is a narrow, low profile between Sanshantou and Longshantou, which serves as the only outlet of surface water and groundwater of the entire basin.
(1) Lateral boundaries: The karst groundwater system was simulated using the natural boundaries of the basin, aiming to prevent the computing load resulted from artificial boundaries. The lateral boundaries on the plane of the study area are impermeable except the groundwater outlet between Sanshantou and Longshantou.
(2) Bottom boundary: The drilling data shows that the karst groundwater concentrate above the depth of 220m. Below that depth, the karst system is poorly developed. Hence, the bottom boundary was generalized as an impermeable boundary with the elevation of 150m (buried depth: 220m).
(3) Top boundary: The top boundary of the karst groundwater system is the gas-soil interface. The unsaturated zone from ground to water table is the bond for connecting precipitation, surface water and groundwater. The karst groundwater system is discharged and recharged through the top boundary through discharge/recharge of Xinxue River system, the return water of irrigation, the infiltration recharge of precipitation and evaporation/evapotranspiration.
MODELLING AND SIMULATION
Generalized hydrogeological model
Based on the hydrogeological and boundary conditions, a generalized hydrogeological model was established for the karst groundwater system in the study area considering the four discharge and recharge modes: the discharge/recharge of Xinxue River system, the return water of irrigation, the infiltration recharge of precipitation and evaporation/evapotranspiration.
The discharge/recharge of Xinxue River was generalized as a linear quantitative discharge/recharge term changing with time and space according to the distribution of Xinxue River system and its tributaries.
The return water of irrigation was generalized as a seasonal, local planar recharge term according to the plant area of crops, the irrigation system, the total amount of irrigation water and the return flow coefficient of irrigation water in the study area.
The infiltration recharge of precipitation was generalized as follows. The mean precipitation infiltration coefficients of different zones were calculated according to relevant data and factors (e.g. lithology, terrain, vegetation and groundwater level); then, the infiltration recharge of precipitation was computed based on the aerated area, precipitation and mean precipitation infiltration coefficient of each zone. In the basin, the area from the periphery of the centre to the north of Caowangmu fault is the primary recharge zone of karst groundwater, while the area between the centre and the valleys is another important recharge zone.
The evaporation capacity is mainly related to depth of groundwater, lithology of aeration zone, local vegetation, climate and it is known from the experimental results of karst groundwater comprehensive experimental field in Yangzhuang basin that the zones where groundwater is deeper than 4 m shows low evaporation from phreatic water. Now the groundwater in Yangzhuang basin was deeper than 4m except in the areas near Weizhuang spring group and the exit of the basin, indicating that there is only an extremely weak evaporation loss of karst groundwater near the spring group and basin outlet throughout the basin, so the evaporation/evapotranspiration was ignored in the subsequent simulation and analysis, 
Governing equations
Based on the generalized model, the governing equations for karst groundwater simulation in Yangzhuang Basin can be expressed as [26] :
where Ω is the study are; H 0 (x, y) and H (x, y) are the initial hydraulic head and the hydraulic head, respectively (m); K is horizontal hydraulic conductivity (m/d); ε is the source-to-sink factor of groundwater (m/d); Γ 1 is the impermeable boundary; Γ 2 1 is the Neumann boundary; u is the specific yield; Z(x,y) is the aquifer floor elevation (m); q L (x, y) is the recharge per unit width (m/d) of Neumann boundary; H r (x,y,t) is the water level of Xinxue River.
Grid meshing
Pore water and karst groundwater are two main types of groundwater in the study area. The two types of groundwater enjoy close hydraulic connections, thanks to the lack of aquiclude in between. Thus, the groundwater in the study area can be viewed as one layer, and treated as a 2D planar, isotropic flow. Vertically speaking, the hydraulic connections are even closer in local areas. Besides, the perennial data on groundwater dynamics are not detected layer by layer, making it impossible to verify the vertical distribution of water pressure. Therefore, different layers were assumed to have the same hydraulic features, and the two types of groundwater were considered to share the same hydrogeological parameters and a uniform flow field.
The primary causes of groundwater discharge are artificial exploitation and spring discharge. The artificial exploitation mainly serves urban and industrial consumptions, irrigation demands, and stock farming requirements. Relevant statistics on 2013~2016 show that the exploitation volume of karst groundwater averages at 1.708×10 5 m 3 /d. In addition to the wells in groundwater source fields, there are many exploiting wells scattered across the basin. In this case, it is impossible the identify the location or exploitation volume of each scattered well. Hence, all the scattered wells were deemed as planar wells, and the artificial exploitation was treated as planar discharge. The data on spring discharge were available at the hydrometric station near Weizhuang spring group. Through a water balance test at the station, it is learned that the springs only flew in two periods: July-October 2013 and August-September 2016. The mean flow of the springs was 437m 3 /d. Considering the above, a difference equation was established directly from Darcy's law and water balance principle, and the 650km 2 study area was meshed into 31,152 rectangular grids by finite difference method. The grids fall into 177 rows and 176 columns in a plane. Overall, there are 16,447 active grids and 14,705 inactive grids. The calculation nodes are located at the centres of the grids [27] .
Numerical simulation
The model is tested by taking the dynamic change of groundwater levels in 25 observation wells. According to the data collected from "Exploration report of xiji groundwater area in zaozhuang city, shandong province" and "The 1:50,000 hydrogeological survey report in Yangzhuang basin" (e.g. exploitation volume, precipitation intensity and variation in groundwater level), the simulation was carried out for 41 months from May 26th, 2013 through September 26th, 2016. The data acquired between May 26th, 2013 and January 6th, 2015 were adopted for model correction, while those between January 7th, 2015 to September 26th, 2016 were selected for model testing.
Inspired by Reference [28] , the study area was divided into 19 hydraulic parameter zones and 8 precipitation infiltration zones (Figures 4-5) , each of which has the same hydrogeological parameters (Tables 1-2 ). These parameters were initialized based on local conditions and pumping test results. The initial values were used to calibrate the established hydrogeological model. Then, the model was applied to simulate the groundwater levels, and the simulated results were modified to fit the measured values in the 25 observation wells [29] . The fitting curves between the simulated and measured results are shown in Figure 3 below.
As shown in Figure 3 , over 80% of all observation wells had a relative fitting error below 5%, and the simulated results agreed well with the trend of the observed groundwater level. Therefore, the established model can reflect the dynamic changes of groundwater level in the study area. Next, this model was applied to forecast the dynamic changes of groundwater level under different exploitation conditions. 
FORECAST CONDITIONS
Precipitation
As the ultimate source of karst water, the precipitation is crucial to the forecast of groundwater level. However, the current meteorological and hydrological methods are unable to predict the precipitation in the long run. The only way is to construct a precipitation series based on certain rules and use it as the condition of the forecast model. Here, the future precipitation is determined in the following steps.
(1) Historical precipitation series The perennial mean precipitation series and historical precipitation series are commonly used in precipitation analysis. The former helps to forecast the overall trend of groundwater level, while the latter tests the aquifer's regulation capacity and the effect of precipitation abundance on groundwater level. In our research, the historical precipitation series is selected for simulation, with the aim to test the regulation ability, storage capacity and recharge potential of aquifer. The simulation results were reasonable from the perspective of water supply safety.
Based on the series data on monthly precipitation in the study area from 1952 to 2016, the cumulative percentage frequency analysis was carried out. The results ( Figure 6 ) show that the annual precipitations were 880.96, 743.968 and 628.702mm at the cumulative percentage frequencies of P=25%, P=50% and P=75%, respectively. These results correspond to typical years of 1963, 1972 and 1982. The continuous 20-year series (1985~2004) with the worst water supply condition (mean annual precipitation: 717.535mm/a) was selected from the 64-year precipitation data to serve as the historical hydrological series for forecast. The selected series covers the driest years and longest drought period in history, and can thus reflect the regulation capacity of aquifer in dry period.
(2) Future precipitation series The time series of annual precipitation can be regarded as a 1D nonstationary time series, consisting of a constant term that reflects its time-varying pattern and a random term with the mean of zero. The constant term can be approximated by functions and the random term can be fitted by linear models. The time series can be expressed as [30] :
P(t)= T(t)+ Z(t) + R(t)
( 1) where T(t) is the change trend of precipitation; Z(t) is the periodic change of precipitation; R(t) is the random term. The sum of T(t) and Z(t) reflect the constant term of the time series. The random term equals the residual series after eliminating the constant term, which is normally considered as a nonstationary series. Taking the said 64-year precipitation data as the fitting data, the T(t) and Z(t) were solved by stepwise regression and spectral analysis, respectively; R(t) was fitted by autoregression and used to predict the precipitations in the next 20 years. According to Figure 7 and Table 3 , the mean precipitation was estimated as 707.74mm/a, which signifies a relatively dry precipitation series. 
Constraints
(1) Karst collapse Karst collapse is a major geological disaster associated with the irrational exploitation of groundwater. The maximum exploitation depths of the groundwater source fields must be limited to reduce or eliminate the occurrence of the disaster in the basin.
In 2015, the study area did not suffer from any karst collapse although the groundwater reached the lowest level in history due to the lack of precipitation. Therefore, the lowest groundwater level at the groundwater source fields in that year were taken as the maximum exploitation depths if they were below the top of karst aquifer; the elevation of the top of karst aquifer was adopted as the maximum exploitation depth is otherwise. The results are shown in Table 4 . (2) Groundwater level The groundwater level should not decline continuously under the exploitation state.
Recharge enhancement
The groundwater recharge of the study area can be artificially enhanced in two ways: promoting precipitation infiltration through greening projects and elevating river leakage with retaining dams.
(1) Precipitation infiltration The 1985~1992 results of the water balance test show that the precipitations at Xuzhuang forestry centre (58.7mm) and Weizhuang hydrometric station (59.2mm) were higher than their adjacent regions thanks to their high vegetation coverage. In general, 1% increase in mean vegetation coverage can enhance the annual precipitation by 3mm.
According to the statistics of the local forestry department, about 30% of the study area is currently covered by vegetations. Various greening projects are underway to promote vegetation coverage and water conservation. As stated in the local plan for eco-environment construction (2010~2020), the vegetation coverage of the study area will reach 60% and the annual precipitation will increase by 90mm. Thus, the attainable increment of precipitation infiltration was calculated based on the vegetation coverage of 60% and the annual precipitation increment of 90mm.
(2) River leakage The river leakage can be improved by building retaining dams at proper places. Shandong Province once issued a plan for enhancing karst groundwater recharge and optimizing groundwater exploitation in the study area. The plan states that four retaining dams (Table 5) should be constructed along the Xinxue River; once completed, the dams are expected to bolster river leakage to 22,000, 23,000, 6000 and 17,000 m 3 /d, respectively, in extremely dry years. In this way, the total recharge amount can reach 6.8 ×10 4 m 3 /d. 
GROUNDWATER LEVEL FORECAST
Forecast model
Based on the previous forecast conditions, a forecast model was created on Visual MODFLOW (VMOD) and coupled with the established hydrogeological model to evaluate the maximum exploitation potential of groundwater in the study area, and determine the optimal exploitation plan for all groundwater source fields after implementing the above recharge enhancement measures. The total exploitation volume of all groundwater source fields was taken as the objective function, and the maximum exploitation depth of each field as the decision variable. The forecast model was established as follows:
The objective function can be expressed as
where 11 is the total number of groundwater source fields; i Q is the exploitation volume of field i.
The constraints are listed below:
(1) Groundwater level The 11 fields were considered as the control points of groundwater level. At each point, the groundwater level should never fall below the maximum exploitation depth: H are the groundwater level of field i at time t and the maximum exploitation depth of field i, respectively; T is the total computing time.
(2) Exploitation volume The exploitation volume i Q of field i must be lower than the allowable volume in Reference [28] :
where i Q is the exploitation volume of field i;
Q is the allowable volume in Reference [28] .
(3) Nonnegativity constraint The decision variable must be positive:
where
H is the groundwater level of field i at time t; i Q is the exploitation volume of field i; 11 is the number of fields; T is the total computing time.
Then, the response matrix method was adopted to couple the forecast model with the previously established hydrogeological model using the GWM. Then, the coupled model was applied to obtain the maximum exploitation volume and the optimal exploitation plan for all groundwater source fields after implementing the above recharge enhancement measures. The MODFLOW data files required by the GWM were extracted [31] , and the decision variable, objective function, constraints and optimization methods were imported to the GWM. The optimization results using historical and future precipitation series are recorded in Tables  6~7 and Figures 8~9 .
Forecast results
(1) Optimization results using historical precipitation series Under historical precipitation series, the maximum exploitation volume was 243,500 m 3 /d; the optimal exploitation plan is given in Table 6 ; the duration curve on groundwater level of each field is presented in Figure 8 . As shown in the figure, the groundwater level did not decrease continuously, and the maximum exploitation depths of all fields were shallower than the constraint. This means the karst groundwater in the study area supports the groundwater yield of 243,500 m 3 /d. The forecasted groundwater levels in the next 20 years are displayed in Figure 9 . It can be seen that the cones of depression in the groundwater source fields were not merged when the groundwater was extracted at the maximum exploitation volume at all fields. Thus, there is a weak interaction between different fields. Table 7 lists the groundwater balance of the groundwater source fields after continuously exploitation for 20 years at the optimized exploitation volumes. As shown in the table, the precipitation infiltration recharged 8.07745×10 Table 7 . Groundwater balance of the groundwater source fields using historical precipitation series (2) Optimization results using future precipitation series Under future precipitation series, the maximum exploitation volume was 258,000 m 3 /d, 14,500 m 3 /d more than that under historical precipitation series. The increase is attributable to the different generation methods of the two series. The historical precipitation series was produced based on the worst water supply conditions, aiming to minimize the impact of human behaviours on groundwater level, while the future precipitation series was constructed considering both the past data and the current situation, which successfully eliminates the randomness of human behaviours. Hence, the exploitation volume calculated by the non-stationary future precipitation series is more rational than that by the historical precipitation series. In addition, the optimal exploitation plan is given in Table 8 ; the duration curve on groundwater level of each field is presented in Figure 10 ; the forecasted groundwater levels in the next 20 years are given in Figure 11 . The water budget of the entire aquifer obtained from the groundwater flow model is presented in table 9. The flow budget result indicates that the main recharge comes from precipitation, which represents about 65%, followed by 32% xinxue river, and 3% irrigation return flow. About the same amount of groundwater is extracted through pumping wells out of the system and only a very small part through springs or to rivers. The discrepancy is positive, indicating that outgoing groundwater from the basin is slightly lower than incoming groundwater. The figure 10 and figure 11 all show that the groundwater level never fall below the maximum exploitation depth at each control points of groundwater level,so the conclusion can be get that maximum exploitation volume was 258,000 m 3 /d is reliable under this scenario. Table 9 . Groundwater balance of the groundwater source fields using future precipitation series 
Conclusions
To determine the exploitation potential of groundwater and the optimal exploitation plan in karst areas, this paper selects Yangzhuang karst groundwater system as the study area. Then, a generalized hydrogeological model of groundwater flow was set up considering the hydrogeological and boundary conditions, and the governing equations were derived for karst groundwater simulation in the study area. After that, the study area was meshed into 31,152 rectangular grids by finite difference method. The established model was applied to simulate the groundwater levels in 25 observation wells, and proved to be feasible through the fitting of simulated results with the measured results.
Next, several forecast conditions and constraints were laid down, including but not limited to the precipitation calculated by historical series and future series (non-stationary) and the recharge enhancement measures like greening and retaining dam construction. Based on these conditions and constraints, a forecast model was created on Visual MODFLOW and coupled with the established hydrogeological model using the groundwater management (GWM) process to evaluate the maximum exploitation potential of groundwater in the study area, and determine the optimal exploitation plan for all groundwater source fields after implementing the above recharge enhancement measures. The main conclusions are as follows. The exploitation volume calculated by the non-stationary future precipitation series outperforms that by the historical precipitation series in prediction accuracy. This is because historical precipitation series was produced based on the worst water supply conditions, aiming to minimize the impact of human behaviours on groundwater level, while the future precipitation series was constructed considering both the past data and the current situation, which successfully eliminates the randomness of human behaviours. Therefore, the allowable exploitation volume should be determined as 258,000 m 3 /d. By the most conservative estimate, the groundwater exploitation volume of the groundwater source fields can be maximized at 243,500 m 3 /d. When the conditions get better, the feasibility of increasing the exploitation volume should be discussed according to the relationship between precipitation, exploitation and groundwater level. The research findings provide valuable references for sustainable exploitation and utilization of karst groundwater in the study area and similar regions.
